The Berkeley Comfort Model is based on the Stolwijk model of human thermal regulation but includes several signiÿcant improvements. Our new model allows an unlimited body segments (compared to six in the Stolwijk model). Each segment is modeled as four body layers (core, muscle, fat, and skin tissues) and a clothing layer. Physiological mechanisms such as vasodilation, vasoconstriction, sweating, and metabolic heat production are explicitly considered. Convection, conduction (such as to a car seat or other surface in contact with any part of the body) and radiation between the body and the environment are treated independently. The model is capable of predicting human physiological response to transient, non-uniform thermal environments. This paper describes the physiological algorithms as well as the implementation of the model.
Introduction
Stolwijk's 25-node model of thermoregulation [1] set out the fundamental concept, algorithm, physical constants and physiological control subsystems for many contemporary multinode models [2] . The Berkeley Comfort Model is based on the Stolwijk model as well as on work by Tanabe in Japan [3] , but includes several signiÿcant improvements over the Stolwijk model. The Stolwijk model is based on six body segments: head, torso, arms, hands, legs, and feet. The Berkeley model can simulate an arbitrary number of segments. In most applications, we use 16 body segments corresponding to the Berkeley segmented thermal manikin [4] . Each of these segments consists of four body layers (core, muscle, fat, and skin tissues) and a clothing layer. A separate series of nodes represent blood and provide for convective heat transfer between segments and tissue nodes. The model computes heat transfer between each node using a standard ÿnite-di erencing algorithm with variable time-stepping to optimize computational resources while preserving numerical stability.
We use a series of discrete "phases" of variable length to simulate almost any sequential combination of environmental, clothing and metabolic conditions. E ects of transient and spatially asymmetric conditions that are completely lost in whole-body models such as the two-node PMV model can be predicted by the model. An example simulation might be a person walking from an airconditioned building to hot summer outdoor conditions and then getting into a car that has been sitting in the sun, turning on the air-conditioning and driving as the car begins to cool o . Applications include evaluating thermal comfort in spaces with asymmetric or transient thermal environments, including buildings, automobiles, or outdoors.
Model improvements
The following improvements have been made over the Stolwijk model:
• Increase in number of body segments from six to unlimited.
• Improved blood ow model, including counter ow heat exchange in the limbs, and modiÿed blood perfusion from vessels to tissues.
• Addition of a clothing node to model both heat and moisture capacitance.
• Addition of heat transfer by conduction to surfaces in contact with the body. • Improved convection and radiation heat transfer coecients.
• Explicit radiation heat transfer calculation using angle factors.
• Addition of a radiation heat ux model (e.g. sunlight striking the body).
Segmentation:
The model structure can accommodate an arbitrary number of body segments. In environments where there are large local variations in temperature or heat ux, a very ÿne segmentation can be used. For developing the model, we used 16 segments (Fig. 1 ) corresponding directly to those of the UC Berkeley segmented thermal manikin. The manikin can accurately measure heat transfer coe cients and clothing insulation values for individual body parts, and we can then use these data directly in our comfort model. The manikin measures heat ux to the environment for each segment, providing valuable data for validating the model. Improved blood ow model: Human body thermal regulation is mainly achieved by regulating blood ow, so a realistic blood ow model is important for any dynamic model of human thermal comfort. It is by vasoconstriction and vasodilation that the body regulates blood distribution in order to control skin temperature and increase or decrease heat loss to the environment. During exercise or work, blood carries the extra heat produced to the body surface where higher skin temperatures increase heat loss through convection and radiation. Skin temperatures and, more importantly, hypothalamus temperature control this regulation as well as the opening of sweat glands to remove additional heat by evaporation. During cold stress, cutaneous vasoconstriction shunts blood from arteries to veins at a deeper level. Veins and arteries are paired, even down to very small vessels, and veins carry heat from the arteries back to the core. This counter-current heat exchange is a major process in decreasing heat loss and maintaining core temperature in cold environments.
The original Stolwijk model assumes the arterial blood temperature to be the same throughout the body. The heat exchanges between local tissues and local blood are thus simpliÿed to heat exchanges between local tissues and blood at this core temperature. This assumption is basically sound for modeling the head and trunk. In the head, the brain receives a relatively large and constant blood ow that accounts for about 15% of the total blood ow of the body. With the high blood ow rate and relatively short vessel length, the heat exchange e ectiveness is small and the blood temperature entering the brain is e ectively the same as the core blood temperature. Similarly, large blood vessels in the trunk have relatively little heat transfer with surrounding tissues due to the high blood ow rates and incomplete contact with tissues [5, 6] .
In the limbs, Stolwijk's assumption is less valid. Based on Chato's data [5] we calculate that arterial blood owing to the hands will reach a temperature about halfway between the temperature of the blood entering the upper arm and the temperature of the arm tissue. In a cool environment, this can result in 2
• C or greater drop in arterial blood temperature from the upper arm to the wrist. For this reason, we decided that we could improve on Stolwijk's model by including the change in blood temperature as it ows through limbs to the extremities.
We made two signiÿcant changes to the Stolwijk blood ow model by adding: (1) central artery=vein countercurrent heat exchange, and (2) an improved blood perfusion model to estimate blood ow to local tissue. Fig. 2 shows the blood ow model for an arm (the leg has the same structure) indicating both heat and mass transfer. Blood ows out through the central artery and returns through the central vein. Countercurrent heat exchange between the artery and vein, as well as heat exchanges between the blood vessels and the contacting tissue, is modeled as described by Mitchell and Myers [7] . Simultaneously, mass transfer occurs in the radial blood ow that leaves the central artery, goes through the transverse terminal arteries, to the capillary beds to distribute blood to core, muscle, fat, and skin tissues. It is then taken up by the transverse terminal veins and returns to the central vein. We use Pennes' blood ow perfusion term [8] to model mass and heat transfer at this level. Blood enters the local tissue at the average artery temperature for the segment and returns to the central vein at the tissue temperature from whence it came.
In the extremities (i.e. arms and legs) the entering artery blood temperature of one segment is the leaving artery blood temperature of the preceding segment. All blood returning from the veins mixes together to determine the returning core blood temperature. Clothing model: Stolwijk considered clothing as insulation without mass (Fig. 3) . We have included a clothing node to model both heat and moisture capacitance of clothing (Fig. 4) . Heat capacity of the clothing has been demonstrated to be important when considering transient e ects [9] . Moisture capacitance is important to correctly model evaporative heat loss from the body through clothing. The moisture model uses the regain approach [10] to calculate the amount of moisture that a speciÿc fabric will absorb at a given relative humidity.
Contact surfaces: In almost any environment, the body is in contact with solid surfaces and loses heat via conduction. The most common contact surface for the body is a chair. Under steady-state conditions, this can be treated as increased insulation and modeled as clothing. Under transient conditions, this approach does not work well since the chair can have signiÿcant thermal mass. The Berkeley model includes a contact surface for each segment. This surface has an initial temperature, thermal conductivity, speciÿc heat and thickness. A far-ÿeld temperature and heat transfer coe cient are used as a boundary condition. Each body segment includes the fraction of exposed skin and clothed skin in contact with the surface.
Convection and radiation heat transfer: Stolwijk used a combined convection and radiation heat transfer coe cient for each of the six segments in his model. The Berkeley model separates convection and radiation heat transfer. Convection heat transfer is calculated based on the air temperature and velocity supplied for each segment. Convective heat transfer coe cients for 16 body segments are based on test results from the Berkeley manikin in both seated and standing posture [11] .
Radiation heat transfer can be calculated using a linearized model based on mean radiant temperature (MRT) speciÿed for each body segment or using an explicit model using the Stefan-Boltzmann law. Using a realistic 3-D model of the body (Fig. 5) , we calculate shape factors between each body segment and any arbitrary set of environmental surfaces. Each of these environmental surfaces is described by its position, surface area, temperature and emittance. This method is signiÿcantly more accurate than the MRT approach for non-uniform environments [12] .
Radiation heat sources: In addition to long-wave radiation heat transfer with surrounding surfaces, the body is often exposed to radiation from the sun, heat lamps or other sources. We have included a two-band radiation heat ux model that separates this heat ux into short-wave and long-wave components. Short-wave radiation is absorbed based on skin or clothing absorptance and long-wave radiation is absorbed based on the skin or clothing emittance.
Physiological variation: Human physiology varies significantly among individuals, and these di erences can a ect perceptions of thermal comfort; e.g., higher metabolic rate or increased body fat can cause people to feel warmer. Remarkably, comfort models have not generally considered such variation. We have developed a pre-processor to our model which we call "body builder". The body builder model maps six descriptive characteristics of the human body (height, weight, age, gender, skin color, and body fat) to the physiological data used by the comfort model. Table 1 describes the physiological data that we modify and the basis for the relationships we use. We intend to use the body builder model to explore the extent to which physiological variation in uences perception of thermal comfort. Initial simulations show that a change in body fat from 14 to 28% can result in a skin temperature change of nearly 1
• C.
Implementation
The Berkeley Comfort Model uses an unlimited number of sequential sets of environmental and physiological input conditions, called phases. The phases are speciÿed either interactively or through text ÿles to facilitate use of the model with other software (Figs. 6 and 7) . Each phase consists of the following data 1 :
• Duration Since the length of the phase is arbitrary, non-linear transients can be simulated by short, linear approximations. All of the physiological constants embedded in the model can also be changed through the input data. This allows the user to change not only obvious physical data such as height, weight, basal metabolic rate, and heat transfer coe cients, but also more detailed physiological data such as tissue properties, thermal conductivities, hot=cold receptor properties, vasoconstriction and vasodilation coe cients. These properties can even be changed during the simulation to correct for changing conditions such as posture (e.g. seated vs. standing).
The model has been implemented in C++ using an object-oriented (OO) approach. The data structure and simulation procedure resemble the physical model closely.
We have kept the internal model structure very exible, so that changes to the model can be implemented easily, often without recompiling the code. For example, the node structure is read from text input ÿles so that adding a body segment only requires modifying program input. The choice of an object-oriented language has greatly simpliÿed this approach. Several objects are deÿned to represent each element of the physical model. The node object is the basic unit in this object structure. All the actual simulation proceduresheat production, heat transfer and regulating control mechanism -are done within node objects. Multiple nodes are organized into a tree-like structure that is maintained by a higher level object, the segment object. A segment also has a blood object which contains an artery and a vein. Fig. 8 shows the relationship of these objects. The body consists Fig. 7 . The Edit dialog box for air temperature. Each body segment can be exposed to di erent environmental conditions. of several segments that are connected with each other via blood. Nodes exchange heat with their adjacent nodes via conduction as well as with blood.
Nodes in each segment form a linked tree. Multiple parallel branches may be included in each segment to simulate di erent heat ow paths. The structure of each segment does not need to be identical. This provides the capability to model di erent body parts having quite di erent physical structures and=or non-identical environmental conditions. For example, if the subject is wearing shorts, the model will generate both a clothed and a bare-skin path for the thigh segment. If the subject is wearing long pants, only the clothed path will be generated.
Validation
As an initial validation of the model, we compared simulated skin temperatures with a number of physiological studies reported by other researchers. These studies include several steady-state conditions and three transient environmental conditions.
Steady-state conditions. Werner performed 86 climatic chamber experiments with air temperatures ranging from 10 to 50
• C at 40% relative humidity (RH). The test subjects wore only shorts and lay at rest on a hammock [20] . Skin temperatures by segments, rectal, and tympanic temperatures were measured.
Cold-exposure transients. Raven et al. [21] exposed 11 male subjects to a downward step change from 28:5
• C at 45% RH to 4:7
• C at 70% RH, in still air. Subjects wore only shorts, and rested in a supine position on a nylon-strip bed mounted that was wheeled from one chamber to another to achieve the change in environmental conditions. Rectal and skin temperatures on segments were measured.
Hardy and Stolwijk present data for three male subjects exposed to a step change from 43
• C at 30% RH to 17
• C at 40% RH. The human subjects walked quickly from one chamber to another which took less than 1 min. The rectal and the average of 10 areas of skin temperatures as well as evaporative heat loss are presented in [22] .
Hot-exposure transient. Stolwijk and Hardy performed similar tests using an upward step change from 30
• C at 40% RH to 48
• C at 30% RH. The rectal and the average of 10 locations of skin temperatures and total evaporative heat loss are presented in [23] .
Comparison of the measured data from the above experiments and the simulated results from our model are presented in Figs. 9 -11 . Under steady-state conditions, the core temperature prediction is very close to the measured values (within 0:5
• C) (Fig. 9a) . For most segments (Figs. 9b and 9c), the skin temperature simulation is within 1
• C. For transient conditions, the measured toe temperature by Raven during transient is lower than the foot temperature from simulation (Fig. 10c) . This is not unexpected since the toe is most distal part of the foot and responds more quickly to the transient than the entire foot. The measured arm temperature is higher than the simulated arm temperature during the transient, however, the ÿnal stable temperatures are very close. The measured arm temperature was obtained from Gordon and the speciÿc location of the measurement was not stated. The rectal temperatures measured by Hardy and Stolwijk are slightly higher than the those predicted by the model. Fig. 11c shows measured and predicted evaporative heat loss during two step changes, to a hot condition and back. As Fu observed [24], Stolwijk's original model tends to predict higher skin temperatures than experimental data in cold environments. This is because the central blood model used by Stolwijk assumes that any node of a segment receives blood at the same temperature as the core. In fact artery blood temperature decreases because of countercurrent heat exchange, lowering extremity skin temperature. Adding the countercurrent blood ow model greatly improved the agreement between our model and the experimental data in limbs and extremities. The above model validations show that the model is able to predict both core and extremity skin temperatures with reasonably accuracy under a range of environmental conditions.
Comfort prediction
Predicting the physiological response of the body to an environment is an interesting endeavor, but often we would like to predict the psychological or subjective response as well. Most well-validated models of predicted subjective response [25, 26] are limited to uniform thermal environments. Bohm accepted 'Equivalent Homogenous Temperature' (EHT) proposed by Wyon [27] for assessing non-uniform environments and developed limits [28] . We calculate EHT for each body segment and generate a diagram plotting these within limits established for segments by Bohm as shown in Fig. 12 . More research is required to develop a whole-body comfort index for non-uniform environments in transient conditions.
Applications
Its exible input structure and its ability to evaluate transient, non-uniform thermal environments make the Berkeley Comfort Model useful for a wide range of applications. Examples include evaluation of innovative HVAC approaches for buildings such as task=ambient systems or displacement ventilation that provide non-uniform or stratiÿed environments. Another example is evaluation of occupant comfort in automobiles, where the environment may be very transient and have highly non-uniform radiant loads. The input structure of the Berkeley model allows it to be connected to building simulation programs and to evaluate thermal comfort in a much more rigorous manner than is currently being done.
Future work
Our next step is to improve our ability to predict human subjective responses to non-uniform thermal environments during transient processes. We are considering including the detailed skin thermoreceptor model proposed by Ring and de Dear [29] and more detailed blood ow model for the whole limb proposed by Song et al. [30] .
